3-D radar volumes give clarified views of structures within the Martian polar caps. 17
Abstract 23
Over the last decade, observations acquired by the Shallow Radar (SHARAD) sounder on 24 individual passes of the Mars Reconnaissance Orbiter have revealed the internal structure of the 25
Martian polar caps and provided new insights into the formation of the icy layers within and their 26 relationship to climate. However, a complete picture of the cap interiors has been hampered by 27 interfering reflections from off-nadir surface features and signal losses associated with sloping 28 structures and scattering. Foss et al. (2017) addressed these limitations by assembling three-29 dimensional data volumes of SHARAD observations from thousands of orbital passes over each 30 polar region and applying geometric corrections simultaneously. The radar volumes provide 31 unprecedented views of subsurface features, readily imaging structures previously inferred from 32 time-intensive manual analysis of single-orbit data (e.g., trough-bounding surfaces, a buried 33 chasma, and a basal unit in the north, massive carbon-dioxide ice deposits and discontinuous 34 layered sequences in the south). Our new mapping of the carbon-dioxide deposits yields a 35 volume of 16,500 km 3 , 11% larger than the prior estimate. In addition, the radar volumes newly 36 reveal other structures, including what appear to be buried impact craters with no surface 37 expression. Our first assessment of 21 apparent craters at the base of the north polar layered 38 deposits suggests a Hesperian age for the substrate, consistent with that of the surrounding plains 39
as determined from statistics of surface cratering rates. Planned mapping of similar features 40 throughout both polar volumes may provide new constraints on the age of the icy layered 41 deposits. The radar volumes also provide new topographic data between the highest latitudes 42 observed by the Mars Orbiter Laser Altimeter and those observed by SHARAD. In general, 43 mapping of features in these radar volumes is placing new constraints on the nature and 44 evolution of the polar deposits and associated climate changes. 45
Introduction 46
The icy layers of Planum Boreum and Planum Australe, the north and south polar caps of 47 Mars, have been studied from orbit for decades, but the record of climate change that they 48 encode is still not fully understood (Byrne, 2009 These deposits contain more than enough CO 2 to double the current atmospheric pressure if 84 sublimated. Elsewhere in the south polar layered deposits (SPLD), regional mapping efforts 85 combined with surface imagery have gleaned some insight into the deeper interior (e.g., 86 Milkovich et al., 2009) and suggest that the layers are more pervasive than seen in the radar data. 87
However, some combination of signal scattering and attenuation has made it challenging to map 88 layers more broadly across the southern cap with the available radar observations (Campbell et 89 al., 2015) . 90
While detailed mapping of internal structures in the northern cap has been more 91 successful than in the south, doing so in either hemisphere with collections of data from 92 individual radar passes is laborious and hindered by scattering and the interference of off-nadir 93 surface reflections from spiral troughs and other variable topography. Reflected radar signals that 94 return to the spacecraft ("returns" hereinafter) are dominated by those coming from the nadir 95 track (the vertical projection of the spacecraft position to the surface), which usually arrive first. 96
Returns from off-nadir surface structures, termed "clutter," usually arrive later and may be 97 mistaken for or interfere with nadir returns from subsurface interfaces. In areas where surface or 98 subsurface interfaces are sloped, a common geometry near the spiral troughs of both polar caps, 99 the first returns may be from off-nadir locations with no returns from nadir, yielding distorted 100 profiles that are difficult to interpret. Focused processing enabled by along-track Doppler 101 frequency shifts is typically applied to single-pass observations (i.e., two-dimensional profiles; 102 see next section). Such processing greatly enhances along-track resolution by constructing a 103 synthetic aperture (antenna) in that direction and can be effective in suppressing clutter and in 104 improving positioning along track, but the cross-track components cannot be similarly focused to 105 improve resolution. 106
One means to address these problems is to gather data from many closely spaced orbital 107 passes into a single volume and apply a three-dimensional (3-D) image-correction process that 108 has been best developed in the field of seismic data processing (Yilmaz, 1987; Gray et al., 2001) . 109
This treatment enhances the signal-to-noise ratio (SNR) by combining returns from overlapping 110 and nearby tracks while placing scattered along-track and cross-track returns into their proper 111 source locations, thereby revealing the true geometry of surface and interior structures. In the 112 following sections, we discuss SHARAD observations and provide an overview of the methods 113 used by Foss et al. (2017) to produce SHARAD 3-D volumes encompassing the north and south 114 polar caps. We then show results from the two polar data volumes and describe our initial 115 scientific findings stemming from the use of these unique datasets. 116
SHARAD Observations 117
SHARAD is a chirped-pulse sounding radar with a 10-MHz bandwidth centered at 20 118
MHz. Range (~vertical) resolution (i.e., the radar wavelength) is 15 m in free space and finer in 119 the subsurface, depending on the material properties (Seu et al., 2007b) . For nearly pure water 120
ice with a real permittivity, ε', of 3.15 as is inferred for the NPLD ( for each polar region. More details are available in the cited references. 151
Crucial to focused processing of orbital radar data is an accurate representation of the 152 spacecraft velocity and the local surface slope. Horizontal reflectors directly below the spacecraft 153 typically yield the strongest surface and subsurface returns. As an interface dips away from 154 horizontal, the focusing becomes less effective, and at high slope angles interfaces may 155 disappear entirely due to the geometric limitation imposed by SHARAD's 135-µs range window. 156
Clutter signals from features off the nadir track of the spacecraft (e.g., crater walls, polar 157 troughs) are often difficult to uniquely identify in a single radargram since they may focus well 158 in 2-D ( Fig. 1) . A useful discriminator between clutter and subsurface returns is their relative 159 "move-out." Typically, off-nadir surface features will shift much more in time delay between 160 nearby, parallel ground tracks than near-horizontal reflectors at nadir. 2015)). The 3-D imaging relies on a 171 technique referred to as "migration" in seismic data processing (which usage differs in 172 substantive ways from that employed in the field of radar processing) and described in detail 173 below. Where features are well sampled by the radar, 3-D migration processing can unravel 174
interfering nadir and off-nadir returns, effectively treating the latter as useful information on the 175 geometry of off-nadir topography with respect to the nadir ground track. 176
Terrestrial active-source seismic surveys are designed to sample the subsurface in either a 177 cross-sectional area (2-D acquisition with sources and receivers deployed in a line) or a volume 178
(3-D acquisition with sources and receivers deployed in a grid). A fraction of the energy emitted 179 by the sources that passes into the subsurface is reflected upward and recorded at receivers. The 180 clarity of the recorded image depends on the acquisition parameters and the seismic complexity 181 of the subsurface. In seismically complex areas, it is often necessary to apply certain processes to 182 the data to correct geometric effects. To this end, migration has become a routine part of seismic 183 data processing. Migration is a mathematical inversion process whereby the seismic image 184 recorded at or near the surface is re-imaged to appear as if it were recorded directly above the example, clutter returns in 2-D are "moved" in the 3-D volume to better align these returns with 203 the surface topography from which they were reflected. In addition, the 3-D processing further 204 improves the SNR largely through incoherent stacking of reflectors seen in multiple tracks. 205
Prior to carrying out the 3-D processing, it is necessary to correct ionospheric distortions 206 and delays of the radar returns that vary in time and space. The dense grid of SHARAD coverage 207 proved very useful in assessing and removing the relative ionospheric delays between tracks and 208 along each track, a critical correction aimed at preserving the range resolution of the input data. 209
As implemented for the standard processing of SHARAD data (Campbell and Phillips, 2014), 210
these corrections are carried out in an autofocusing process . In 211 preparation for the 3-D imaging, we apply a so-called "demigration" process to each 2-D 212 radargram that redistributes each sample along a hyperbolic 2-D diffraction curve (Foss et al., 213 2017). This step has the effect of repositioning reflectors to their zero-offset positions, resulting 214 in a product that is similar to an unfocused radargram (e.g., Fig 1a) . Next, all 2-D radargrams 215
(2300 in the north and 2100 in the south for the current volumes) are assembled into a 3-D 216
binning grid, wherein the grid size (475 m) is chosen close to the input 2-D frame interval. While 217 spatial aliasing is theoretically possible at these bin sizes (e.g., see observations can now be followed much further throughout the 3-D data volume, and geometric 237 corrections provided by the 3-D imaging improve the view of buried structures (e.g., Figs. 4c and  238 4d). In particular, the improved imaging of CO 2 ice deposits associated with the low reflectivity 239 zones in Australe Mensa have allowed us to more confidently map their extents (Fig. 5 ). With 240 extrapolation to geologic boundaries mapped inside the radar no-data zone surrounding the south 241 pole, we find that these deposits contain about 16,500 km 3 of CO 2 ice, which is 11% larger than 242 the previous estimate (Bierson et al., 2016 ) and corresponds to a mass 6% greater than that of the 243 Examples of such artifacts are given in Figs. 4b and 4d . 249
In addition to providing geometric corrections, the 3-D volumes allow examination of the 250 radar data in orientations not offered by the collection of 2-D profiles, such as constant delay-251 time or depth slices and profiles that need not follow the orbit trajectories (e.g., Figs. 2, 3, and 7) . 252
The slice views are especially useful for examining the distinctive radar signatures associated 253 with known, partially buried craters. We find similar signatures elsewhere in both volumes but 254 without surface expression (e.g., circled features in Figs. 2 and 3) . Presumably fully buried 255 craters, these features provide a potential means to constrain the ages of both the substrate and 256
the overlying icy deposits that is independent of climate models. Identification of such apparent 257 buried craters throughout the radar volumes is ongoing. Because the 3-D imaging process 258
involves the use of a hyperbolic operator, hyperboloid (bowl-shaped) processing artifacts appear 259
in the volumes, typically where radar coverage of features in incomplete. Given that craters are 260 themselves bowl-shaped structures, one must take care to avoid mistaking such artifacts for 261 buried craters. Since the material properties in the subsurface are assumed to be constant for the 262 imaging process, the expected shape of isolated processing artifacts is well known, and this fact 263
can be used to help discriminate artifacts from true structures. 264
For this work, we report our initial efforts to identify apparent craters at the base of the 265 NPLD in Planum Boreum. We have identified and mapped 21 of these features (see map in Fig.  266 6, radar examples in Fig. 7 , and data in Table 1) , ranging in size from 7 to 45 km in diameter. 267
Smaller craters are difficult to resolve with the 475-m grid size of the 3-D volume. The materials 268
underlying the NPLD are believed to be either the same as those in the surrounding plains or 269 consisting of sand-rich basal deposits, which have been interpreted to have a similar age (i.e., the 270
Hesperian "Vastitas Borealis interior" geologic unit in the surroundings and the Hesperian 271 "rupēs," and "cavi" geologic units at the base (Tanaka and Fortezzo, 2012)). Therefore, we 272 compared our set of apparent craters to surface craters mapped previously in the polar region 273 (Robbins and Hynek, 2012) . In Fig. 8 , we present cumulative size-frequency distributions for our 274 set alone, for our set combined with surface craters in the same area (80°N-87.5°N), and for 275 surface craters in the surrounding region (70°N-80°N) along with isochrons for various ages 276 (Hartmann, 2005) . In our analysis, we omit six features on Planum Boreum marked as surface 277 craters by Robbins and Hynek (2012), having found no clear evidence of crater morphology in 278 current high-resolution imagery. In general, we find a good agreement between the sets of 279
craters, suggesting that the features we mapped are indeed buried craters present in units of the 280 same age as that of the surrounding plains. At the smallest size bins, the distribution of apparent 281 buried crater rolls off quickly, an indication of the lower limit of resolution where we were able 282 to identify them in the radar volume. This first result lends some confidence to our ongoing 283 effort to identify and map other buried craters within the overlying NPLD and in the south polar 284 3-D volume. Given the relatively young age of the NPLD suggested by climate modeling results 285 (e.g., Levrard et al., 2007) and our limits of feature-size detectability, there may be too few 286 apparent craters available within the icy layered deposits for a reliable age determination. A 287 preliminary look at the Planum Australe volume suggests that there are many more apparent 288 buried craters within the SPLD than within the NPLD, likely reflecting a greater age and perhaps 289 a sufficient number to provide a reliable cratering age. 290
As noted above, the 3-D imaging process correctly positions radar returns from features 291 that are well sampled, and this applies to surface reflections as well as to subsurface ones. 292 SHARAD coverage is very dense at the highest latitudes reached in MRO's orbit, and this allows 293 us to produce maps of surface topography in addition to mapping subsurface features. While the 294 lateral resolution of SHARAD is inferior to that of the Mars Orbiter Laser Altimeter (MOLA) 295
onboard Mars Global Surveyor (MGS), MRO reached higher latitudes than MGS. Thus we are 296 able to derive topographic maps for both polar regions between the maximum latitudes reached 297 by MGS and MRO. In areas with equator-facing slopes, these maps extend somewhat poleward 298 of the MRO maximum latitude due to off-nadir sampling by SHARAD that is corrected into 299 these areas by the 3-D imaging process. In areas with pole-facing slopes, there are gaps where no 300 returns are obtained by SHARAD. In Fig. 10 , we present revised topographic maps of the polar 301 regions as extensions of the MOLA 128-pixel-per-degree gridded maps (Smith et al., 2003) 302 using the SHARAD-derived topography. In addition to providing new topographic data in a total 303 area of 28,500 km 2 for both poles, the improvement in topography will also be of benefit for 304 creating more accurate clutter simulations (e.g., Choudhary et al., 2016) along the tracks of 305
individual SHARAD polar observations. 306
In the course of assembling SHARAD observations into a 3-D volume, it was discovered 307 that the delay to the surface at track intersections differs between observations taken on different 308
orbits observations are not resolved as well in the 3-D volume (see Fig. 4 ). This loss of resolution 317 hampers the ability to improve upon prior efforts to correlate radar layering with that seen in 318 visible imagery (e.g., Milkovich et al., 2009; Phillips et al., 2009; Christian et al., 2013) , to map 319 minor troughs and near-surface undulations linked to climate signals (e.g., Smith and Holt, 2015; 320 Smith et al., 2016) , and to visualize small structures. As noted above, another limitation of the 321 radar volume is the incomplete correction of clutter in areas with SHARAD coverage that is 322 coarser than the 3-D grid size. A continuing effort will attempt to reduce the residual delays, and 323 SHARAD data acquisition is ongoing with a goal of infilling coverage in areas targeted for 3-D 324 processing. Additional processing improvements are being considered and may enable mapping 325 of changes in dielectric properties within the volumes, among other improvements (Foss et al., 326 2017). In the meantime, these first 3-D volumes provide superior imaging of the larger-scale 327 features and views of the data that are not possible with the collection of 2-D profiles (e.g., slices 328
and transects through the volumes in any direction). These factors allow refinement of previously 329 mapped feature boundaries and the discovery of new features, such as the apparent buried 330 craters. 331
Conclusions 332
SHARAD observations on thousands of orbital passes by MRO over Planum Boreum and 333 Planum Australe have enables the construction of 3-D data volumes encompassing the Martian 334 polar ice caps. Each volume has undergone 3-D migration processing, an imaging method that 335 corrects off-nadir returns (clutter) and properly position internal structures while improving the 336 overall SNR (Foss et al., 2017) . Clutter mitigation and the structural corrections that migration 337 provides have been particularly effective, supporting the mapping of a shallow unconformity 338 linked to the most recent retreat of mid-latitude glaciation and an improved 339 volume estimate for buried CO 2 ice discovered with 2-D profiles. In addition, the clarified view 340 provided by the 3-D volumes reveals what appear to be impact craters fully buried below and 341 within the icy layered deposits. In a first effort to map them in the radar data, we find 21 of these 342
features at the base of the NPLD with diameters between 7 km and 45 km, consistent with the 343 size and distribution of surface craters in the surrounding plains. A more complete assessment of 344 buried craters within both PLDs may provide new constraints on the ages of these deposits that is 345 independent of climate models, but detecting a statistically sufficient number for accurate 346 cratering dates may be challenging due to the expected relatively young age of the deposits. In 347 general, the clarified views of the polar-cap interiors emerging from the polar SHARAD 3-D 348
volumes is enhancing our ability to map interior structures and infer the history of their 349 emplacement. Ongoing work to improve the vertical resolution and coverage for polar SHARAD 350
volumes is likely to yield more insights and discoveries, allowing more advancement toward the 351 overarching goal of linking the geologic history of the polar deposits to climate processes and 352 their history. 353
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